Motivated by recent experiments on the metamagnet FeBr 2 , anomalies of the magnetization and the specific heat in the antiferromagnetic phase of related spin models are studied systematically using Monte Carlo simulations. In particular, the dependence of the anomalous behavior on competing intralayer interactions, the spin value and the Ising-like anisotropy of the Hamiltonian is investigated. Results are compared to experimental findings on FeBr 2 . 05.50+q, 75.30. Kz, 75.40.Mg Typeset using REVT E X 1
I. Introduction
FeCl 2 and FeBr 2 are much studied metamagnets of Ising type. [1] [2] [3] [4] The magnetic field (H)-temperature (T ) phase diagram displays an antiferromagnetically ordered phase, with the transition to the paramagnetic phase being of first order at low temperatures and of second order at higher temperatures and lower fields. In the antiferromagnetic phase the spins of the iron ions are aligned ferromagnetically in the triangular layers perpendicular to the c-axis; along that axis there is an antiparallel ordering of the spins.
In FeCl 2 , the two kinds of transition meet at a tricritical point. For FeBr 2 , a possible decomposition of the tricritical point into a critical end point and a bicritical end point has been discussed, in the context of the recent experimental discovery of lines of anomalies in the antiferromagnetic phase. [5] [6] [7] [8] [9] [10] [11] In particular, the specific heat as well as the temperature derivative of the magnetization and the order parameter may display, at fixed field and varying temperature, shoulders or maxima below the transition to the paramagnetic phase.
The anomalies have been attributed 9, 11 to two crucial ingredients of FeBr 2 , the effectively weak ferromagnetic intralayer couplings, due to competing antiferromagnetic longer-range interactions, and the highly coordinated interlayer couplings to many equivalent iron ions in adjacent layers, due to the superexchange mediated by the non-magnetic bromide planes.
The anomalies have been suggested to reflect the onset of local fluctuations of a second antiferromagnetic phase, the AII phase, which, if becoming eventually thermally stable, would lead to a decomposition of the tricritical point.
In this article, we shall extend the previous analyses to study quantitatively the depen-on related Ising models are presented, clarifying the influence of the competing interactions and the spin value, followed by a section on the anisotropic Heisenberg model. In Sect. V, the comparison to experiments is given. Finally, a brief summary concludes the article.
II. Realistic Hamiltonian for FeBr 2
The compound FeBr 2 has the hexagonal structure shown in Fig. 1 , with the magnetic iron ions forming triangular layers perpendicular to the c-axis (corresponding to the z-axis of Cartesian coordinates). Based on spin-wave analyses 12, 13 , the low temperature magnetic properties of FeBr 2 may be obtained from an effective anisotropic Heisenberg Hamiltonian
The Ising-type anisotropy, η = 0.78 12 , in the first term of the Hamiltonian (1) The third term in Eq. (1) describes the effect of the magnetic field, H, applied along the c-axis, i.e. in z-direction. Fig. 3 shows the H-T phase diagram of FeBr 2 determined from measurements of the magnetization 5,7 , dynamic susceptibility 5 , and specific heat. 6 Varying temperature, at fixed field, all three quantities or their temperature derivatives display in the antiferromagnetic phase unusual behavior in the form of shoulders or maxima at about the same temperature T a (H), locating the anomaly line. That line seems to evolve from the tricritical point. Note that it has been alternately suggested 7 that the anomaly line represents, at sufficiently large magnetic fields, a true phase boundary line between different antiferromagnetic orderings. In that case, one may expect, from mean-field considerations, the anomaly line to emerge from the (bi)critical point at the end of the additional phase boundary line 11 , with the tricritical point having turned into a critical end point.
In Fig. 3 , T p denotes a line in the paramagnetic phase at which the dynamic susceptibility 5 and the specific heat 6 show a maximum, when changing temperature at fixed field. It may seem to be conceivable that this line also evolves from the tricritical point (or critical end point), but this aspect has not been investigated experimentally in detail.
In the following, we shall study simplified models based on the anisotropic Heisen- 
III. Ising models
We shall first approximate the Hamiltonian (1) by Ising models, to elucidate quantitatively the importance of the competing intralayer couplings as well as the spin value in stabilizing the anomalies in the magnetization and the specific heat.
A. Spin 1/2
Let us consider the S = 1/2-Ising Hamiltonian
where S i is an Ising spin on site i, with spin value 1/2. The exchange interactions J i,j describe, as before, intralayer (extending up to third neighbors in the triangular planes, J 1 , J 2 , and J 3 ) and interlayer (to the ten equivalent sites in the adjacent plane, J ′ ) couplings.
The couplings are normalized by setting |J ′ | = 1. To study the effect of the competing interactions in the planes, we usually fix the nearest neighbor interaction J 1 , and vary the two remaining antiferromagnetic couplings, J 2 and J 3 . According to the two different types of exchange constants determined experimentally 12, 13 , two cases are of special interest: (a) J 2 = 0, J 3 < 0, and (b) J 2 < 0, J 3 = 0, respectively. To quantify the efficiency of the antiferromagnetic couplings in weakening the effective ferromagnetic nearest neighbor interactions, we also investigated the case (c) J 2 = 0 , J 3 = 0, changing J 1 .
We simulate systems with K layers, each one consisting of L×L spins, using full periodic boundary conditions. Typically, we choose K = L = 20 (to check finite size effects, K and L ranged from 10 to 40). For equilibration, 10 4 Monte Carlo steps per site (MCS) were used; averages were taken over the following 2 × 10 4 MCS. To improve the statistics and to calculate error bars, we performed simulations for ten realizations, with different random numbers, at a given field, H, and temperature, T /|J ′ |. We computed several quantities of interest, in particular the energy, E, the specific heat, C (both from energy fluctuations and by differentiating the energy with respect to the temperature), the magnetization per layer, M(i), and related quantities such as the total magnetization, M, the sublattice magnetizations, M 1 and M 2 , referring to the odd and even layers, and the order parameter
To take into account phase shifts or flips of entire spin layers, we usually computed the absolute values of the total magnetization and the order parameter (which will be denoted by M s in the following). In a few cases, we also determined correlation lengths from standard spin-spin correlation functions.
In case (a), the ground state, at T = 0 and H < H c0 = 20 |J ′ |, is the antiferromagnetic structure, M 1 = 1 and
J 1 (otherwise, more complicated spin configurations are stabilized 16 , due to the competing interactions along the axes of the triangular layers). Results of the simulations for that case, fixing the field at H = 0.9 H c0 and changing the temperature, are depicted in Fig. 4 , showing the specific heat, the order parameter, and the temperature derivative of the total magnetization for various values of J 3 .
In accordance with the experimental findings 13 for FeBr 2 , J 1 has been set equal to 16.75 |J ′ | (recall that the values obtained from the spin wave analysis are J 1 /k B = 4.8/η = 6.2 K and
In the finite Monte Carlo system, the transition to the paramagnetic phase, at T N , man-ifests itself, for instance, by a maximum in the specific heat and a drastic decrease in the order parameter M s , leading to singularities in the thermodynamic limit. More interestingly, anomalous behavior is seen in Fig Note that the anomalies shown in Fig. 4 do not correspond to sharp phase transitions. J ef f has to be sufficiently weak.
In addition, we determined in which way the ratio of the tricritical temperature T t to the Expressing the coupling constants in terms of Kelvin, one easily sees that one moves in the case of S = 1 much closer towards the experimentally determined Néel temperature in FeBr 2 , see below.
IV. Anisotropic Heisenberg models
We now proceed to the anisotropic S = 1 Heisenberg model, given in Eq. 
V. Comparison with experiments
A typical phase diagram of a simplified, but supposedly rather realistic model for FeBr 2 is depicted in Fig. 7 . Obviously, it resembles quite closely the experimental phase diagram, see Fig. 3 . However, for a quantitative comparison, a few points need to be viewed with care. Of course, the deviations from the experimental results might be due to simplifications in the model and its treatment, such as neglect of dipolar interactions between the spins (their relevance may be seen from the broad two-phase region at low temperatures; they also would affect the problem of distinguishing the external, used in experiments, from the internal magnetic field, used in the simulations) and neglect of much of the quantum nature of the spins.
As stated before, the main aim of our study is to discuss the origin and character of the anomalies in the antiferromagnetic phase. While the model description gives no evidence for a sharp transition from the AI to the AII phase, such a possibility has been suggested recently based on measurements of the specific heat 6 and, using neutron scattering techniques, the order parameter M s 7 . In particular, the specific heat, as a function of temperature, showed a sharp peak superposed on the broad shoulder or maximum well below the transition to the paramagnetic phase 6 , becoming sharper with increasing field. However, these findings have been questioned later 18 . Indeed, no peaks were detected, but only the shoulders or maxima,
in agreement with the model calculations.
In addition, the experimental data for M s 7 were interpreted in favour of a real transition between the AI and AII phases. The data, at different fields, were plotted against T /T N (H) and against T /T a (H). 7 In the former case, data separation was observed for T < 0.95 T N , while in the latter case, the data seemed to fall on one 'universal' curve for T < T a .
In Fig. 12 , we show the corresponding plots of the Monte Carlo data for the S = 1/2
Ising model with J 1 = 16.75 |J ′ |, J 2 = 0 and J 3 = 4.9 J ′ . Indeed, the behavior is quite similar to that found in the experiments, with a clear separation of the order parameter for different fields in the predicted ranges of temperatures. Because our analyses, see above,
give no indication for a sharp phase transition at T a , at least for the fields shown in Fig.   12 , we, however, tend to conclude that this type of data presentation is not suitable for providing convincing evidence for the suggested phase transition.
VI. Summary
Motivated by recent experiments on the metamagnet FeBr 2 , anomalies in the antiferromagnetic phase of Ising-type models, closely related to the realistic Hamiltonian for that magnet as determined from spin wave analyses, have been studied using Monte Carlo techniques.
We clarified which ingredients of the Hamiltonian are relevant for the anomalous properties, such as broad shoulders or maxima in the specific heat and magnetizations well below the transition to the paramagnetic phase. In general, the anomalies can be attributed to 
